Epoxide hydrolases (EHs) are enzymes that play roles in metabolizing xenobiotic epoxides from the environment, and in regulating lipid signaling molecules, such as juvenile hormones in insects and epoxy fatty acids in mammals. In this study we fed mosquitoes with an epoxide hydrolase inhibitor AUDA during artificial blood feeding, and we found the inhibitor increased the concentration of epoxy fatty acids in the midgut of female mosquitoes. We also observed ingestion of AUDA triggered early expression of defensin A, cecropin A and cecropin B2 at 6 h after blood feeding. The expression of cecropin B1 and gambicin were not changed more than two fold compared to controls. The changes in gene expression were transient possibly because more than 99% of the inhibitor was metabolized or excreted at 42 h after being ingested. The ingestion of AUDA also affected the growth of bacteria colonizing in the midgut, but did not affect mosquito longevity, fecundity and fertility in our laboratory conditions. When spiked into the blood, EpOMEs and DiHOMEs were as effective as the inhibitor AUDA in reducing the bacterial load in the midgut, while EETs rescued the effects of AUDA. Our data suggest that epoxy fatty acids from host blood are immune response regulators metabolized by epoxide hydrolases in the midgut of female mosquitoes, inhibition of which causes transient changes in immune responses, and affects growth of microbes in the midgut.
Introduction
Mosquitoes are vectors for a variety of devastating arthropodborne pathogens, such as Plasmodium, dengue virus and West Nile virus. In order to understand the unique mosquito-host interactions and target new ways for disease control, recent studies have found that many blood-derived components are still biologically active when ingested by female mosquitoes. Blood components such as insulin, insulin-like factor, TGF-b can trigger the corresponding signal transduction pathways in mosquitoes and affect mosquitoes' capacity as disease vectors (Pakpour et al., 2013) .
Based on recent discoveries, more blood factors that are both functional in mammals and mosquitoes are likely to be reported.
Leukotoxins (EpOMEs) and epoxy eicosatrienoic acids (EETs) are epoxides of C-18 linoleic acid and C-20 arachidonic acid respectively, which are regular components in the mammalian blood. Elevated plasma level of EpOMEs is observed in human patients suffering from extensive burns (Hayakawa et al., 1990) . EpOMEs are also associated with acute respiratory distress syndrome (ARDS) (Ozawa et al., 1988) . Several studies suggest the diols of EpOMEs, the hydrolysis product of EpOMEs by the soluble epoxide hydrolase (sEH), are the active molecules responsible for the EpOMEassociated toxicity (Moghaddam et al., 1997; Zheng et al., 2001) . Epoxyeicosatrienoic acids (EETs) are another important class of epoxide substrates for the mammalian soluble epoxide hydrolase (Yu et al., 2000; Zeldin et al., 1993) . EETs, as a group of potent chemicals called eicosanoids, have been extensively studied in terms of human health and drug development . In mammalian systems, a relatively well-studied property of EETs is anti-inflammation, as well as vasodilation, angiogenesis, and analgesic effects . 11,12-EET is reported to reduce tumor necrosis factor-a (TNFa) induced inflammation by a mechanism that inhibits NF-kB activity (Node et al., 1999) . 14,15-EET is also known to be antiinflammatory (Morin et al., 2008) . The role of EETs as antiinflammatory chemical mediators is also supported by the use of EH inhibitors (Schmelzer et al., 2005; Smith et al., 2005) . In mosquitoes, the Toll and Imd pathways are the major immune signaling pathways that are studied in the context of immunity and disease transmission. Both pathways are highly conserved and dependent on the NF-kB transcription factor to play crucial roles in anti-pathogen defense Zou et al., 2011) . Many immune genes are reported to be regulated by NF-kB, such as diptericin, cecropin, attacin, defensing and nitric oxide synthase (Dong et al., 2006; Hillyer and Estevez-Lao, 2010; Luna et al., 2006; Richman et al., 1997; Vizioli et al., 2000) . However, it remains unknown whether EETs and other epoxy fatty acids are endogenous substrates for mosquito EHs, and whether they are chemical mediators that regulate immune responses in a conserved pathway as they do in mammals.
In mosquitoes, we recently reported mammalian sEH homologs, and epoxy fatty acids are endogenous molecules (Xu et al., 2014 (Xu et al., , 2015 . We also found high EH activities on epoxy fatty acids in the midgut of female mosquitoes in comparison to other tissues, and proposed that the EH inhibitor AUDA could be used as a probe to investigate the function of EHs in the mosquito midgut (Xu et al., 2015) .
In this study, we tested the hypothesis that epoxy fatty acids are immune response regulators derived from the host that are metabolized by the epoxide hydrolases in the mosquito midgut during blood feeding. We found that the ingestion of the EH inhibitor AUDA triggered early gene expressions of defensin A, cecropin A and cecropin B2 at 6 h post blood feeding. The ingestion also reduced the bacteria load in the midgut without causing any fitness loss in longevity, fertility and fecundity in our laboratory conditions. Our data supported our hypothesis, suggesting epoxy fatty acids are functional chemical mediators ingested by female mosquitoes, which play roles in regulating immune responses. Because the gut microbiota and the anti-bacterial responses affect the pathogen development in the mosquitoes Pan et al., 2012) , the effects of EH inhibitor AUDA and related compounds on the biology of pathogens such as Plasmodium and Dengue virus should be tested in Anopheles and Aedes mosquitoes respectively.
Materials and methods

Mosquito rearing
The larvae of the mosquito Culex quinquefasciatus were reared in plastic water cups, and fed twice daily with a mixture of grounded fish food (TetraMin, Germany) and cat food (Purina, MO). Adults were fed 10% sucrose ad libitum soaked in cotton balls daily in mosquito cages (30 cm Â 30 cm Â 30 cm) in an insectary incubator at a temperature of 28 ± 1 C and 80± 5% relative humidity.
Mosquito blood feeding
Before blood feeding, the 10% sucrose meal was removed from the rearing cages, and the mosquitoes were starved overnight. The next day, 5 ml of sheep blood (Quad Five, MT) was warmed to 37 C in an incubator with gentle shaking. 5 ml of 10 mM AUDA in DMSO or 5 ml of DMSO was also added into the blood. The final concentration of the 'AUDA blood' is 10 mM AUDA, 0.1% DMSO (v/v). The control 'DMSO blood' contained only 0.1% DMSO (v/v). The sheep blood is routinely used to maintain the mosquito colony in the lab and contains serum and red blood cells. The concentrations of epoxy fatty acids in the serum were reported previously (Xu et al., 2015) , and are comparable to the levels reported in other mammalian blood (Imig, 2012; Jiang et al., 2005 Jiang et al., , 2012 . Female mosquitoes (4e7 days after eclosion) were allowed to feed for 30 min on sheep blood through a glass mosquito feeder, which was connected to a water circulator to keep the blood at a constant 37 C.
Real-time quantitative PCR
The primers used in this study (Table S1 ) were designed by the Beacon Designer software (PREMIER Biosoft, CA) except for the bacterial 16S ribosomal RNA primers (Nadkarni et al., 2002) . Total RNAs were extracted from 10 blood-fed female mosquitoes from each treatment using Trizol reagent (Invitrogen, MA) at various times post blood feeding. cDNA (from 1 mg total RNA) was synthesized by SuperScript ® III reverse transcription (Life Technologies, NY). Real-time quantitative PCR was performed using SYBR ® GreenER qPCR SuperMix Universal assay kit (Invitrogen, MA) on a 7500 Fast Real-time PCR System (Applied Biosystems, CA) under manufacturer's suggested conditions. Gene expression levels were normalized to the S7 ribosomal protein gene, and fold of change between the treatment groups was determined by the DDCt method (Livak and Schmittgen, 2001) .
Detection of the inhibitor AUDA or epoxy fatty acids in the midgut by LC-MS/MS
After mosquitoes were allowed to feed on artificial blood meal containing 10 mM AUDA, 0.1% DMSO (v/v) or 0.1% DMSO (v/v) only.
Mosquito midguts were dissected at 6 h intervals and were immediately placed into 1.5 ml eppendorf tubes with 10 ml antioxidant solution (0.2 mg/ml of butylated hydroxytoluene and EDTA) and 10 ml of deuterated standards (Yang et al., 2009) . 400 ml of methanol was added to each microfuge tube and the tubes were placed in a À80 C freezer for 30 min. Subsequently, the midguts were homogenized with a plastic pestle and stored at a À80 C freezer overnight. The next day the homogenates were centrifuged at 10,000g for 10 min and the supernatant was collected. The pellet was washed with 100 ml of ice-cold methanol, containing 0.1% of acetic acid and 0.1% of butylated hydroxytoluene. The samples were centrifuged again, and the supernatants were combined. The following sample preparation by solid phase extraction and analysis by LC-MS/MS was processed as previously described (Yang et al., 2009 ).
Longevity studies
Adult female mosquitoes were allowed to mate with males after emergence. After 4e7 days, the female mosquitoes were allowed to feed on an artificial blood containing 10 mM EH inhibitor AUDA, 0.1% DMSO or 0.1% DMSO only by a glass mosquito feeder at 37 C for 30 min. Fully ingested females were transferred to a new cage, and were allowed to feed on 10% sucrose meals daily ad libitum. Daily mortality was recorded and dead mosquitoes were removed from the cage until all the mosquitoes died or censored. Analysis of survival curves was conducted by the Kaplan-Meier method (Kaplan E.L., 1958 ) and significant differences were determined by the nonparametric Wilcoxon test using the Prism 6 software (GraphPad, CA).
Fecundity and fertility studies
Female mosquitoes were allowed to mate and blood-feed as described above. After blood feeding, females that fully ingested were transferred to individual cages and were allowed to feed on 10% sucrose meals daily ad libitum. A cup of water was placed in each cage as an oviposition site. After oviposition, the egg number and the eggs that hatched were counted under a microscope. Egg counts and hatching rate were subjected to statistical analysis by the nonparametric Wilcoxon test using the Prism 6 software (GraphPad, CA).
Bacterial load analysis
All of the dissection tools were sterilized by autoclaving, ethanol or flame before the start of dissecting midguts. Female mosquitoes were cold anesthetized, and placed into a microfuge tube containing 1 mL of 75% ethanol. Subsequently, the mosquito was gently agitated 30 s for surface sterilization and then were rinsed three times with sterile phosphate buffered saline (PBS). The mosquitoes were left on ice in the microfuge tube with final PBS rinse until all mosquitoes were sterilized. For the colony forming unit (CFU) assays, mosquitoes were placed on a sterile glass slide under a dissecting microscope, and the midguts were dissected using a needle-tip probe and a fine-tipped forcep. The dissected midguts were transferred to a microfuge tube with 200 mL of sterile PBS. All of the tools were re-sterilized between each mosquito dissection. The midguts were homogenized with sterile plastic pestles, and the homogenates were 10-fold serially diluted four times. All of the serial dilutions (100 mL) were spread onto the LB agar plates, and allowed to dry. The sterile PBS (100 mL) was also plated as a negative control for contamination. All of the plates were incubated at 37 C for two days before CFU was counted. The bacterial load was also measured by RT-PCR dependent assays that quantified the relative amount of bacterial 16S rRNA. The midguts were dissected in RNAlater ® solutions (Life technology, NY), and the RT-PCR procedure was carried out as described above.
Results
Metabolism of AUDA in the mosquito after blood feeding
The physiological concentration of epoxy fatty acids in the sheep blood was published previously (Xu et al., 2015) . The structures of EETs, EpOMEs and the epoxide hydrolase inhibitor AUDA that was used in the study are shown in Fig. 1 . When the 'AUDA blood' (10 mM of AUDA, 0.1% v/v DMSO) was ingested by the mosquitoes, AUDA was detected by LC-MS/MS in the mosquito gut immediately after blood feeding (Fig. 2) . The concentration of AUDA that was detected in the first 24 h post blood feeding was relatively stable. At 30 h post blood feeding, the level of AUDA detected was reduced by half. By the end of the blood digestion (42 and 48 h post blood feeding), only a trace amount of AUDA (several nmol/mosquito) was detected in the midgut. The blood meal size and body size of female mosquitoes were not statistically different in our experiments ( Fig. S2 ) The metabolism of AUDA in the mosquito midgut suggested the epoxide hydrolase activities were inhibited for a certain period of time, and the inhibition will diminish over time as the inhibitor was metabolized or excreted during the whole blood feeding process.
Expression of immune genes following blood feeding on 'AUDA blood'
To test the hypothesis that epoxy fatty acids are signaling molecules in mosquitoes that regulate NF-kB mediated immune responses, we measured the expression of 5 antimicrobial peptides that are predicted as Toll or Imd pathway marker genes in mosquitoes (Luna et al., 2006; Meister et al., 2005) by quantitative real-time PCR. The expression of these genes in non-blood fed females was also sampled as the expression control (regarded as 1 fold of change).
Among the 5 genes evaluated (defensin A, cecropin A, cecropin B1, cecropin B2, gambicin), ingestion of AUDA caused at least a 4 fold of increase in the expression of defensin A, cecropin A and cecropin B2 at certain time points ( Fig. 3 ) compared to DMSOingested control mosquitoes. In the control DMSO-fed mosquitoes, there was a peak of defensin A expression at 24 h post blood feeding (Fig. 3A) . The peak of defensin A expression in AUDA-fed mosquitoes was observed at 6 h post blood feeding. The expression of defensin A in AUDA-fed mosquitoes was up-regulated 10 fold and 2 fold at 6 and 48 h, and down-regulated 1.6 fold and 14 fold at 12 and 24 h post blood feeding respectively, in comparison to DMSO-fed mosquitoes. In DMSO-fed mosquitoes, there was a weak but constitutive expression of cecropin A ( Fig. 3B ) and cecropin B2 ( Fig. 3C ), but the expression levels did not change by more than 2 fold during the four time points in the 48 h post blood feeding. Feeding on 'AUDA blood' induced a peak of expressions of cecropin A (Fig. 3B ), and cecropin B2 ( Fig. 3D ) at 6 h post blood feeding. The expression of cecropin A and B2 was up-regulated 2e6 fold during the first 12 h post blood feeding and then returned to the same levels as the DMSO-fed controls. The relative expression levels of cecropin B1 (Fig. 3C ) and gambicin ( Fig. 3E ) did not change by more than 2 fold at the four time points that were sampled. 14,15-EET 9,10-EpOME AUDA Fig. 1 . Structure of the epoxy fatty acid substrates (14,15-EET and 9,10-EpOME) and the inhibitor AUDA used in the study. The IC 50 of AUDA on 14,15-EET is 86 ± 1 nM (Xu et al., 2015) . Hours post blood feeding nmol AUDA/mosquito Fig. 2 . Degradative metabolism of AUDA in the mosquito gut following blood feeding. Circles represent the mean concentration of AUDA detected per mosquito ± standard deviations (n ¼ 5), unless the standard deviations are smaller than the datum point. The molecular weight of AUDA is 392.6.
3.3. AUDA ingestion increased the concentrations of epoxy fatty acids in the midgut at 6 h post blood feeding At 6 h post blood feeding, 50 mosquito midguts from each treatment were dissected, and homogenized in methanol. Lipids were extracted as previously described, and the amount of epoxy fatty acids (EpOMEs and EETs) in the midgut were analyzed by LC-MS/MS. The concentration was represented as pmol detected/ midgut, and the concentrations of epoxy fatty acids in the midgut of AUDA-fed mosquitoes were compared to the ones of DMSO-fed mosquitoes. The data are presented as fold of increase in Fig. 4 with primary analytical data in supplemental material (Table S2 ). The midgut concentrations of EpOMEs and EETs were increased by 2e6 fold in mosquitoes that fed on 'AUDA blood' in comparison to mosquitoes that fed on 'DMSO' blood. The corresponding diol concentrations did not change significantly following feeding on 'AUDA blood' (Fig. S2) . The data suggest the epoxide hydrolase inhibitor AUDA protects the epoxy fatty acids from the metabolism by the epoxide hydrolases in the midgut. Conversely, the epoxide hydrolase activities appear to be involved in the metabolism of epoxy fatty acids in blood that is ingested from the host blood.
3.4. Mosquito fecundity, fertility and longevity were not affected by the ingestion of 'AUDA blood'
If epoxy fatty acids are signaling molecules that remain functional when ingested by mosquitoes from host blood, and epoxide hydrolases are the major enzymes in the mosquito gut that degrade epoxy fatty acids, the inhibition of epoxide hydrolases may result in fitness costs, such as reductions in fecundity, fertility or longevity. These parameters have direct effects on mosquitoes as disease vectors. We examined whether there were any differences in the number of eggs laid, egg hatching rate, and longevity between DMSO-and AUDA-fed mosquitoes. In the pooled data including Fig. 3 . Expression of (A) defensin A, (B) cecropin A, (C) cecropin B1, (D) cecropin B2, (E) gambicin following ingestion of AUDA in blood feeding. Mosquitoes were sampled every 6 h post blood feeding. Non-blood fed females were sampled as controls. Gene expression levels were analyzed by real time quantitative PCR (RT-qPCR). Data are presented as mean fold of change ± standard deviation from three independent experiments compared with the non-blood feeding mosquitoes as controls.
four independent experiments, there were no significant differences in eggs laid and egg hatching rates between DMSO-and AUDA-fed mosquitoes (Fig. 5 ). In the three independent experiments on mosquito longevity, there were no significant differences between the two treatments under our laboratory conditions (Fig. 6) .
3.5. Ingestion of AUDA during blood feeding affected the growth of bacteria in the midgut of female mosquitoes AUDA-fed mosquitoes showed an increase in the expression of several antimicrobial peptides at 6 h post blood feeding. In order to examine if this up-regulation of expression will affect the microbiota in the midgut, the bacteria in the midgut were cultured on common LB agar plates. Concurrently, the relative amount of bacteria was determined using the RT-PCR dependent assay targeting bacterial 16S ribosomal RNA to confirm the results of the bacterial load experiments.
Mosquito midgut homogenates were spread on LB agar plates, and the colony forming units (CFU) were counted. The midguts of AUDA-fed mosquitoes had less bacteria that could be cultured on LB agar plates (Fig. 7) . Because we noticed that probably not all the bacteria can be cultured on the LB agar plates, we used another RT-PCR-based assay to quantify the relative amount of bacterial 16S RNA in the midgut of each treatment. The primers used are shown in Table S1 . We found in the RT-PCR-based assay that there were significantly less bacteria in the midgut of AUDA-ingested mosquitoes, in accordance with the CFU assays.
3.6. Spiked EpOMEs and DiHOMEs reduced bacterial load in the mosquito midgut, while EETs reversed the effects of the inhibitor AUDA As shown in Fig. 4 , ingestion of AUDA resulted in increased levels of EpOMEs and EETs. To determine which of the lipid mediators contributed to the biology we have observed, we spiked epoxides or diols into the blood with or without AUDA and measured their effects on midgut bacteria.
Interestingly, we found that spiking EpOMEs and DiHOMEs reduced midgut bacterial load, similar to the effect of the inhibitor AUDA (Fig. 8 ). EpOMEs and DiHOMEs, however, did not synergize or reverse the effect of AUDA (Fig. 8) . On the other hand, EETs alone had no effects on the midgut bacteria, but can reverse the effect of AUDA to increase the level of bacteria to the level observed in DMSO ingested mosquitoes (Fig. 8) . DHETs, the corresponding diols of EETs, had no effect on the bacterial load (Fig. 8) .
Discussion
Epoxy fatty acids, such as EpOMEs and EETs, are epoxides of long chain fatty acids. EpOMEs and their metabolites have been reported to be potent chemical mediators of acute respiratory distress syndrome (ARDS) (Moghaddam et al., 1997) . EETs are oxygenated product of arachidonic acids, and belong to a group of eicosanoids including prostaglandins and leukotrienes. Eicosanoids have been studied extensively in terms of human health and drug development. In mammals, the products of cyclooxygenase and lipoxygenase pathways are largely but not exclusively proinflammatory, while the p450 branch of the cascade producing oxylipins which are largely but not completely anti-inflammatory.
In insects, eicosanoids are known to play roles in ion transport, reproduction, and immunity (Stanley and Kim, 2014; Stanley and Miller, 2006) , although most studies have focused on prostaglandins and leukotrienes. We recently reported that EETs are endogenous molecules in mosquitoes, and detected epoxide hydrolase activities similar to the mammalian soluble epoxide hydrolase (Xu et al., 2014 (Xu et al., , 2015 . The soluble epoxide hydrolase is the main enzyme that hydrolyzes EETs to their corresponding diols in mammals, inhibition of which has been found to be beneficial in many mammalian disease models . In this study we applied an epoxide hydrolase inhibitor (AUDA) discovered earlier (Xu et al., 2015) to be active on mosquito epoxide hydrolase to study the roles of epoxide hydrolases during the process of blood feeding. However, this study is by no means a thorough study on epoxide hydrolases and epoxy fatty acids in mosquitoes. Epoxy fatty acids, such as EETs, can also by synthesized from arachidonic acid by cytochrome p450s in vitro (Xu et al., 2015) . EpOMEs and EETs are also detected in vivo in larvae and adults (Xu et al., 2015) . As a result, epoxide hydrolases may affect mosquito physiology by regulating epoxy fatty acids from host blood or synthesized in vivo, at different developmental stages and in different biological contexts. In our laboratory artificial blood feeding system, mosquitoes usually takes 1e2 ml of blood when not interrupted. Assuming 2 ml of blood was ingested, the recovery of AUDA by LC-MS/MS was 90%.
We chose a dose of AUDA that is more than 100 times higher than its IC 50 (Xu et al., 2015) , which is expected to knock out more than 99% epoxide hydrolase activities on epoxy fatty acids during the process of blood feeding based on the in vitro data. At this dose (10 mM in blood or in water), we did not observe any toxic effects of AUDA on mosquito larvae and adults. We also did not observe any effects that could result from the inhibition of the juvenile hormone epoxide hydrolase, because the development, survival rate and fecundity were not changed in our experiments. Epoxy fatty acids are autocrine and paracrine lipid signaling molecules. They are present in tissues in small amount, and are efficiently hydrolyzed by epoxide hydrolases. In many experimental models, the lack of epoxide hydrolase inhibition will result in failure to observe physiological functions of epoxy fatty acids. Taking all the arguments into account, we used 10 mM of AUDA as the dose to probe the function of epoxide hydrolases and epoxy fatty acids in mosquitoes during the blood feeding process. In this study our hypothesis is that AUDA is acting as an epoxide hydrolase inhibitor. However, AUDA was originally synthesized to mimic 14,15-EET. Fig. 7 . Ingestion of AUDA during blood feeding affects the bacteria load in the midgut of adult female mosquitoes. A. Number of bacteria from the midgut of female mosquitoes that can be cultured on LB plate. 6 midguts of each treatment were dissected and homogenized individually. The lysate was plated on LB agar plate after several serial dilutions in a sterile environment. The LB agar plates were cultured at 37 C for two days before the colony formed unit (CFU) were counted. B. Bacteria load measured by quantifying the relative amount of bacterial 16s rRNA from the midgut of female mosquitoes by RT-PCR. 10 midguts from each treatment were dissected individually in RNAlater solutions. The relative amount of bacterial 16s rRNA from the midguts of AUDA-ingested mosquitoes is regarded as 1 fold of change when compared to those of the DMSO-ingested mosquitoes. Values are mean ± standard deviation. The statistical analysis was done by the Student's t-test (**p < 0.01, ***p < 0.001 vs. DMSO). Further, Olearczyk (Olearczyk et al., 2006) showed AUDA can mimic EETs in mammals in addition to stabilizing them by inhibiting the mammalian soluble epoxide hydrolase. AUDA also has detergent and possibly other unknown physical and biological properties. In order to test the hypothesis that ingestion of AUDA will stabilize the epoxy fatty acids in the midgut, which are signaling molecules that affect immune gene expression, we allowed the mosquitoes to feed on 'AUDA blood' and measured the expression of several NF-kB dependent genes. Based on the gene expression data, the control blood feeding process seemed to trigger a delayed (defensin A at 24 h) or weak (cecropin A, B1, B2, gambicin) responses on the expression of these anti-bacterial genes, which were similar to the reported immune responses when mosquitoes ingested pathogen-containing blood meals (Bartholomay et al., 2010b; Richman et al., 1997; Vaughan et al., 1992) . We observed the up-regulation of defensin A, cecropin A and cecropin B2 during the early period post blood feeding by ingestion of AUDA. The ingestion of AUDA also increased the concentrations of several epoxy fatty acids (EpOME and EETs) in the midgut, suggesting that epoxy fatty acids in mosquitoes are lipid signaling molecules that regulate immune responses. The epoxy fatty acids were reported to be either inflammatory (EpOMEs) or anti-inflammatory (EETs), and the diols of these epoxy fatty acids are also reported to be more or less potent than their parent molecules in different models (Ng et al., 2007; Norwood et al., 2010; Viswanathan et al., 2003) . As a result, we interpreted our data as the overall effects of all the epoxy fatty acids and their corresponding diols that can affect immune gene expression when epoxide hydrolases are inhibited.
To further determine which lipid mediators are responsible for the observed biology, we spiked epoxides or diols into the blood and fed it to mosquitoes with or without AUDA. We did not observe any significant differences when spiking epoxides or diols that were 10 times more than the physiological level in the blood. When we spiked 100 times more than the physiological level, we found EpOMEs and DiHOMEs were as effective as AUDA in reducing midgut bacteria. It also seemed EpOMEs and DiHOMEs were equally potent. We did not observe any effects of DHETs, but found that EETs were able to reverse the effect of AUDA. This finding is the first indication that the linoleic acid-derived EpOMEs, DiHOMEs and the arachidonic acid-derived EETs are functional lipid chemical mediators in mosquitoes. The mechanism by which these fatty acid derivatives act is debated in mammals, and to that regard is also not known in mosquitoes. In mammals, it is reported that EpOMEs, and in some systems the DiHOMEs, are toxic or are associated with disease patterns (acute respiratory distress syndrome) (Hayakawa et al., 1990; Moghaddam et al., 1997; Zheng et al., 2001) . EpOMEs and DiHOMEs are also shown to induce chemotactic activity of the neutrophils (Totani et al., 2000) , which are blood cells that regulate innate immune responses. The insect immune system shares a variety of things in common functionally and structurally with the mammalian systems. For instance, a number of hemocyte proteins are found homologous to those in the human neutrophils (Bergin et al., 2005) . The insect hemocytes are known to phagocytose and kill microbes in a way similar to human neutrophils, and the superoxide production and microbial killing of both cells can be inhibited by a NADPH oxidase inhibitor (Bergin et al., 2005) . Interestingly, a study also indicates DiHOMEs can inhibit the respiratory burst of neutrophils, which is a microbial elimination process mediated by the NADPH oxidase (Thompson and Hammock, 2007) . EETs are mainly regarded as anti-inflammatory molecules in mammalian systems acting by reducing the activation of NF-kB activities (Inceoglu et al., 2011; Liu et al., 2013; Morin et al., 2010; Node et al., 1999) . The IMD and Toll pathways are two pathways insect utilize to regulate immune response, and both pathways are dependent on the NF-kB activities. Modulation of the NF-kB activities in mosquitoes has been shown to make mosquitoes more refractory to human pathogens they can vector Garver et al., 2009 ). Taken all the information into account, it's tempting to test hypothesis that EpOMEs, EETs, and their metabolites mediate their biology in similar ways to the mammalian systems.
There are more than 200 immunity-related genes in the genome of Culex quinquefasciatus (Bartholomay et al., 2010a) , and the immune response is a continuous and dynamic process. In many cases the expression of several anti-microbial peptides is not essential for the immune responses or their functions are redundant, leading to a lack of phenotypic changes. Thus we were unable to conclude the effects of the inhibitor AUDA on mosquito physiology based on gene expression data alone.
If an early expression of defensin A, cecropin A and B2 was triggered by ingestion of AUDA at 6 h post blood feeding, the bacteria colonizing in the midgut may be affected. We measured the bacterial load in the midgut by culturing midgut bacteria on common LB agar plates and measuring bacterial 16S ribosomal RNAs by RT-PCR. We detected a decrease in the number of bacteria in the midgut of AUDA-fed mosquitoes, but we did not observe any fitness loss in fecundity, fertility and longevity under our laboratory conditions. Our data suggest that the AUDA ingestion caused a transient immune response, which diminished following the metabolism of AUDA in the midgut. It has been reported in Drosophila melanogaster (Libert et al., 2006 ) that a chronic and sustained immune response will affect fitness, but not acute and transient immune responses. In Anopheles gambiae, a transient immune response was also reported to render mosquitoes refractory to the human malaria parasite without affecting mosquito longevity and fecundity (Dong et al., 2006; Garver et al., 2009) .
A late or weak immune response is one of the critical reasons pathogens can survive and successfully infect the midgut, which will allow the transmission cycle to continue. When the immune response is turned on earlier and at a higher level by transgenic techniques or by infection of the bacterium Wolbachia, mosquitoes become refractory to pathogens, such like Plasmodium falciparum and West Nile virus (Corby-Harris et al., 2010; Dong et al., 2011; Pan et al., 2012) . In this study, we showed that the epoxide hydrolase inhibitor AUDA was an immune gene regulator during the process of blood feeding of Culex quinquefasciatus. Ingestion of AUDA also affected the growth of bacteria in the midgut. Because the antibacterial responses and microbes in the midgut are reported to affect mosquitoes' capacity as disease vectors, further research of the impact of the EH inhibitor AUDA on Anopheles and Aedes mosquitoes may not only lead to a deeper understanding of hostmosquito interactions, but also new targets to manipulate immune responses for disease transmission control. Wing size (mm) Fig. S2 . Blood meal size and wing length of female mosquitoes. 15 females from each group were selected immediately after blood feeding. The midguts were dissected and the blood protein concentration was measured by BCA assay with BSA as the standard.
The wing length was also measured to evaluate body size. Values are presented as mean ± standard deviations. The differences in blood protein ingested and wing length are not statistically significant by Student's t test (p=0.20 and p=0.49 respectively).
